We show that the diverse dynamic responses of viscosity of the supercooled liquid near the glass transition temperature can be inherited to glassy state and expressed in the discrepancy of stress relaxation, demonstrating a structural heterogeneous basis for fragility. The metallic glasses with diverse dynamics and structural heterogeneities manifesting in different densities and distributions of flow units can be classified and characterized in terms of a parameter n, which can be readily determined through stress relaxation method and is comparable to the kinetic fragility m of the supercooled liquid. The parameter can classify diverse metallic glasses and also benefits for understanding the correlation between the structural and dynamical heterogeneities of the metallic glasses.
Glassy state with unique and fascinating mechanical, dynamic and thermodynamic properties, which can be achieved by quenching from highly viscous liquid [1−4] , is a universal property of condensed matter that lose its ability to flow. One of the most confusing issues in the glasses is that the viscosity ( η) of a glass-forming liquid can vary by several orders of magnitude in a narrow temperature range near the glass transition temperature (T g ) [5] . Based on the various responses of viscosity η to temperature, the kinetic fragility m is defined in terms of the shear viscosity η as [6−7] :
The m, which is an index to characterize how fast the viscosity of glass-forming liquid increases with decreasing temperature while temperature (T) approaching T g , directly relates to the slowing down of the dynamics of the glass-forming liquids [6] . According to the concept of fragility, the glass-forming liquids can be roughly classified into two groups: strong and fragile liquids [6] . This classification attempts to construct a relation between the macroscopic transport property close to T g and the dynamics of glassy systems. After decades of researches, it has been found that the fragility can be traced back to dynamic and structural heterogeneities, topographic differences of the energy landscape [7, 8] . Some features and physical properties of the glass-forming liquids or the resultant glasses can also be correlated to the kinetic fragility, such as the temperature behavior of the shear elastic modulus [9] , the specific heat jump at T g [10, 11] , Poisson's ratio [12] , the glass-forming ability [13] , and the vibrational properties of glasses far below T g [14] . Compared with other glasses such as polymer and oxide glasses, the supercooled liquid region of the metallic alloys is narrow and lack of thermal stability [15, 16] , the value of kinetic fragility m of the metallic glass-forming liquids is hard to be accurately detected, and only few compositions have the accurate values of fragility. Therefore, it is useful and important to find an accurate parameter to classify the metallic glasses far below T g .
Recently, both computer simulations and experiments show that the m etallic glasses (MGs) are of nanoscale s tructural heterogeneity and contain unstable and high mobility nano-scale liquid-like regions which act as flow units in the glassy state [17−21] . The nanoscale structural heterogeneity is found to relate closely to the dynamic heterogeneity (which can be reflected by the kinetic fragility m) of the metallic glass-forming liquids [17−21] and the viscoelasticity localized flow phenomenon in MGs activated by either external stress or temperature (corresponding to the deformation or initiation of the glass transition, respectively) [17−21] . The stress relaxation is found to be an effective method which can sensitively characterize and classify the microstructural heterogeneity and reveal the relaxation kinetics of the flow units of MGs below T g [19, 22, 23] , and this method could be applied to accurately and readily classify the MGs based on their discrepancy in microstructural heterogeneity which closely related to the dynamic heterogeneity of MGs.
In this letter, we apply an instantaneous activation-relaxation technique to investigate the stress relaxation behavior of a variety of metallic glasses. We show that in MGs, the different responses of viscosity to temperature in the liquid state could be reserved in the glass state and is manifested in different structural heterogeneities which can be reflected by using stress relaxation behaviors. We define a parameter n which is equivalent to kinetic fragility m of the supercooled liquid but much easier to be experimentally determined in the metallic glassy state using stress relaxation method. We show that the parameter n can readily classify the glasses with various structural heterogeneities far below T g and correlate with some properties of the MGs.
We used a series of MGs and polymer which have different values of kinetic fragility (their index of fragility are listed in Table 1 ). The metallic ingots with nominal compositions listed in Table 1 were prepared by arc melting from pure metallic elements and the glassy ribbons were prepared by melt-spinning method using a Cu wheel at a tangential velocity of ~25 m s −1 in vacuum [16] . Their glassy nature of the as-spun ribbon alloys was ascertained by X-ray diffraction and differential scanning calorimeter. The stress relaxation measurements were performed on a TA D MA Q800 dynamical mechanical analyzer (DMA), and the glassy ribbon samples were mounted in tension clamp and t he polymer plate was tested through 3-point bending. A constant strain of 0.6% [in the apparent elastic regime (~2%) of metallic glass (MG)] at 0.78T g was rapidly applied on the samples and the hold time was 120 min for each test to record the stress decay. Before the experiments, a 5-min delay was applied to allow the samples to equilibrate at the test temperatures. To avoid the effect of the different cooling rates, all the samples were previously heated to the supercooled liquid regions and cooled down to the room temperature in the argon atmosphere prior to the measurements. Besides, to ensure the accuracy of strain value, the length of sample was measured before and after each stress relaxation test. Fig. 1a shows the s tress relaxation response of a typi- 
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cal L a 55 Ni 20 Al 25 MG to a constant strain of 0.6% at 369 K (= 0.78T g ). The stress relaxation plots were normalized by the initial stress σ 0 . The time dependent stress σ(t) shows a rapidly decrease from σ 0 in the relaxation time of 600 s, and then obviously slows down and decays sluggishly with extended increasing time. Through the differential of scaled stress against time in a log-log fashion, the stress relaxation curve can be divided into two distinct power-law processes as shown in Fig. 1b . An obvious crossover time τ c determined based on the intersection of the two power-law fittings represents the transformation of the two processes. The first fast power-law process corresponds to the s tochastic activation of the localized nano-scale flow units and consumes the applied energy quickly; and the second slow power-law process corresponds to s elf-organized c ooperative motion of the activated flow units [22] . In the fast process, a p ortion of the flow units with a shorter relaxation time and low activation energy are quickly activated, and then the residual flow units with higher activation energy are gradually activated with the time increasing [19] . In the slow process, the variation of scaled stress decay with time keeps the similar sluggish decay tendency even in relaxation for 21,600 s. The subsequent sluggish stress relaxation over time can be attributed to two reasons: (i) the flow units which have higher activation energy or a longer relaxation time need enough time to be activated [19] ; (ii) along with the number of activated flow units increasing, the adjacent activated flow units will merge into a larger one [24] .
The size, activation energy, intrinsic relaxation time and their distributions of flow units reflecting t he structural heterogeneity of a glass are quite different in various MGs [22] . The different structural heterogeneities cause the difference in behaviors of stress relaxation and can be manifested in different stress attenuation degrees. Through the difference of the stress attenuation degree during the stress relaxation measurement, we can easily define a straightforward parameter 'n' to classify the MGs as shown in Fig.  1a : a tangent line along the sluggish linear stress relaxation curve at 0.78T g is drawn and extended to intersect with the stress axis. The d ifference between 1.0 and the ordinate value of the intersection, which is attenuation degree of stress relaxation, is defined as fragility (n) of a glassy state as indicated in Fig. 1a . The n represents how fast of the process of the stochastic activation of the flow units, and can reflect the density of the flow units or structural heterogeneity in a MG, which is intrinsic nature of a glass. In the following, we will show that the parameter n, which is easily measured by stress relaxation method comparing with the kinetic fragility of the metallic supercooled liquids, can also accurately reflect the dynamics property and structural heterogeneity of MGs below T g .
We select a series of glasses, which have different compositions, glass-forming abilities, physical and mechanical properties, and fragility, to measure their n values. Fig. 2a shows the stress relaxation curves of sixteen various glasses at 0.78T g and constant strain of 0.6% for 7200 s. We see that all of the stress relaxation curves present dramatic decay 
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before 1000 s, but different glasses show markedly different attenuation degrees. After about 1000 s, the decay for all the glasses tends toward a slow process in a long time scale. The various attenuation degrees in their fast decay process reflect the different heterogeneity microstructure or different size, intrinsic relaxation time and distribution of flow units in MGs inheriting from the dynamic heterogeneity in their liquid state which can be characterized by the kinetic fragility. We determined the n values of these MGs, and compared the n values with their kinetic fragility m obtained from the literatures. Currently, there are not so many MG formers whose kinetic fragility are known due to the experimental difficulties for directly measuring their viscosity change of their supercooled liquid state approaching T g . And the values of m for these MGs are mostly indirectly measured by a purely thermodynamic way using calorimetric methods, which is hard to reflect their relaxation behaviors in liquid state and i nevitably contains large a mbiguity [25, 26] . The stress relaxation of strong MGs reaches the constant value more quickly and shows smaller n. The comparison indicates the similarity and correlation between the n and m. The thermodynamic, dynamic and mechanical properties of polymer differ from that of MGs and show the broad distribution of fragility. To prove the stress relaxation is a universal method to classify glasses, we also tested the relaxation behavior of a typical glassy polymer of poly-m ethylmethacrylate (PMMA) as shown in Fig. 2b . The fragility index of PMMA with the largest value of m (m = 145) shows the maximum attenuation degree. It is worth noting that the La-based MGs with obvious β-relaxation around the 0.78T g show obvious relaxation behavior, even though these MGs do not have large fragility value, and this is due to that the β-relaxation has been activated around the stress relaxation temperature of 0.78T g and leads to significant relaxation [19, 27] .
The relative strength of shear and bulk moduli, or Poisson's ratio (ν ), which is the relative transverse expansion divided by the relative compression in the direction of an applied force and the fundamental property of glass, correlates with mechanical behavior of a glass such as toughness, plasticity or brittleness [28] . Fig. 2c presents the relationship between Poisson's ratio ν and n. The MGs with ν < 0.31-0.32 are brittle and exhibit inconspicuous stress attenuation degree [28] . With the Poisson's ratio increasing, the MGs transfer from brittle to ductile, and the stress relaxation degree of MGs increases gradually and values of n become larger. This indicates a correlation between Poisson's ratio and the stress relaxation attenuation degree or n. The results might suggest that the microstructural origin of the Poisson's ratio and plasticity criterion [28] in various MGs is due to the degree of the heterogeneity or the density of the flow units which can be characterized by the parameter n: the MGs with larger values of n show a larger Poisson's ratio and better plasticity. The Poisson's ratio is found to correlate with kinetic fragility [12] , which implies that the fragility coming from the viscous characteristics of the liquid phase is frozen into the glass state and can be manifested by the changing of the Poisson's ratio [12] . However, concerns have been raised on the correlations, and the reason is that there are not so many MG formers, whose kinetic fragility and elastic constants are all known, on the other hand, the calorimetric fragility is usually calculated at a higher and not well defined glass transition temperature T g . This introduces an additional source of uncertainty. Since the stress relaxation is a sensitive method to detect the structural heterogeneity of glasses that inherites from dynamic heterogeneous of liquid state, the parameter n obtained by this method is expected to check the correlation and to yield information about the relation of the structural heterogeneity of the glasses and the dynamic heterogeneous of their liquid states.
Angell plot is a useful classification of liquids along a 'strong' to 'fragile' scale. The viscosity or relaxation time of strong liquids behaves in nearly Arrhenius behavior, whereas fragile liquids show conspicuous deviation from Arrhenius fashion [4] . In analogy to Angell plot, we can also obtain the similar stress relaxation plot with time for various metallic glasses as shown in Fig. 3 . We use (σ−σ c )/ (σ 0 −σ c ) to make the initial and destination coordinates of the stress relaxation curves converged into the same point (the σ c is the stress value at crossover time), and the time is scaled with the crossover time τ c in the relaxation behavior. The τ c has a broad distribution for different glasses with different compositions, and the glasses can be divided by crossover time τ c in the relaxation behavior by reason that the time window for stochastic activation of flow units is closely related to the fragility [23] . One can see from Fig.  3 that the stress relaxation curve of fragile glasses shows obvious larger curvature compared with that of the strong one, which is similar to the Angell plot. This further confirms that the discrepancy of glasses below T g could be distinguished through stress relaxation method by the definition of the n parameter and the n-plot.
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We obtained the distribution of activation energy of flow units in MGs by using the activation energy spectrum model [29] . The activation energy of the relaxation processes which are available to contribute to the observed change in property on relaxation is distributed over a continuous spectrum. The measured property change, δP can be written as:
where p is the property change related to the relaxation processes having activation energy in the range E to E+dE. The total change in the stress relaxation Δσ is given by:
where Δσ(t) = σ 0 − σ(t), σ(t) is the stress obtained with relaxation time t, σ 0 is the initial stress and θ(E, T, t) is defined as the characteristic annealing function. The function θ(E, T, t) = 1−exp(−t/τ) = 1−exp[−υ 0 texp(E/kT)] is a measure of the proportion of available processes at energy E, which has contributed to the property relaxation after time t at the test temperature, T. υ 0 is the Debye frequency 10 13 s −1 . The E FU has a broad distribution and only those flow units with E FU < E 0 have contribution to the relaxations. E 0 is critical energy for activation of a flow unit. In the frame of step-like approximation, Equation (3) can be rewritten as:
where E = kTln(υ 0 t). Then the distribution of p(E) can be calculated through Equation (4) as: We note that the amplitude and relaxation rate of stress relaxation have correlation with the test temperature. The higher relaxation temperature could activate more flow units and lead to faster and more complete relaxation [22] . linear relationship for all the MGs. This indicates that even the value of n depends on the test temperature, the relative variation of n remains about the same for the same test temperature of T/T g . Here, we select the test temperature of 0.78T g because we can gain obvious stress relaxation in reasonable test time scale and make clear distinctions among several MGs simultaneously. The relation between the fragility and behavior of stress relaxation could be explained in the view of energy landscape theory: the energy landscape of strong glass consists of few megabasins, whereas fragile ones display a proliferation of well-separated megabasins in its energy landscape [5] . Because the energy landscapes of fragile MGs is more complex than that of the strong MGs, the flow units in fragile glass have higher density, and can be easily activated, and the flow units can easily sample new minimum state in energy landscape and generate more rapidly stress relaxation [30, 31] .
The fragility of MGs reflects the viscosity of a fluid varying with the inverse temperature, and the stress relaxation is the relaxation behavior of the frozen microstructure from liquid state in the glass. The found similarity between the liquid nature of fragility m and the degree of the stress relaxation n in glassy state which has a characteristic timescales more than 12 orders of magnitude indicates the properties and dynamic heredity between the glass-forming liquid and glass state. That is, the liquid property can leave an unexpected 'fingerprint' frozen into the glass [32] , and the dynamic inhomogeneity in glasses can be inherited from liquid and frozen into structural heterogeneity in glass state [33] . The fragile liquid with highly dynamic inhomogeneity can be quenched into a glass with high density of structural inhomogeneity or high density of flow units. Through applying stress or raising temperature, the flow units, which reflect the density of the structural inhomogeneity inherited from the dynamic inhomogeneity of the liquid, will be activated and consume energy in varying degrees for different MGs and reflect the connection with fragility. Comparing with the concept of kinetic fragility of the liquid, the parameter n obtained from the stress relaxation is a parameter which can more effectively classify the metallic glassy state.
In conclusion, we propose the parameter n which can be easily determined by stress relaxation to classify MGs in their glass state. We demonstrate that the parameter n or n-plot can reflect the intrinsic feature and the density of potential flow units or the structural heterogeneity of various metallic glasses. The large ambiguity of the value of kinetic fragility m for the liquid determined in glassy state has caused the arguments on the correlation between m and other features and properties in glasses. Further work with the parameter n can be extended for studying the correlation of n with the glassy features and properties, which are crucial for understanding the nature and designing novel glasses. 
Figure 5
The n values of three MGs shows the same tendency with the increase of temperature.
